Context: Abnormal fatty acid (FA) metabolism contributes to diabetes and cardiovascular disease. The FA receptor CD36 has been linked to risk of metabolic syndrome. In rodents CD36 regulates various aspects of fat metabolism, but whether it has similar actions in humans is unknown. We examined the impact of a coding single-nucleotide polymorphism in CD36 on postprandial hormone and bile acid (BA) responses.
gut to generate triglyceride (TG)-rich lipoproteins [chylomicrons and very-low-density lipoproteins (VLDLs)] that are released into the circulation via the lymphatic network and then hydrolyzed in vascular beds by lipoprotein lipase to yield free fatty acids (FFAs) for uptake by tissues (7, 8) . The fatty acid (FA) uptake process in rodents and humans is facilitated by the scavenger receptor CD36 (SR-B2) (9) . CD36 also contributes via its ability to transduce intracellular signaling to the regulation of FA metabolism (10) . The protein is abundant on the apical membrane of enterocytes in the small intestines, especially in the absorptive proximal segments (9) . In rodents, CD36 deletion reduces FA and cholesterol uptake by the proximal small intestine, alters chylomicron generation, and reduces lipid secretion into the lymph (11) . Additional proabsorptive roles of CD36 include mediation of orosensory fat taste perception (12) (13) (14) and enteroendocrine secretion of cholecystokinin and secretin (15) . CD36 also regulates gallbladder function, and its deletion protects against gallstone formation (16) . However, it remains unknown whether the findings in rodents can be translated to humans.
The CD36 gene is highly polymorphic, and relatively common variants (5% to 45% frequency) have been identified that associate with interindividual variability of fasting and postprandial lipid levels (5) and/or with risk of metabolic syndrome (17, 18) and stroke (19) . CD36-deficient mice lack orosensory fat perception and fat taste-induced secretions of pancreatic proteins and bile acids (BAs) (14) , suggesting that CD36 signaling might be required for the preabsorptive phase of digestion. We explored the hypothesis that CD36 might play an important role in mediating the early regulatory responses that coordinate lipid absorption and tissue disposal of the absorbed lipid.
Lipid absorption is a complex and highly regulated process (8, 9) . In the intestinal lumen dietary fats (mainly TGs and phospholipids) are solubilized into micelles by BAs, digested by lipases, and the digestion products are internalized into enterocytes for repackaging into chylomicrons and VLDLs for export (20, 21) . Upon anticipation of a meal or within minutes after its start, secretions can be measured, for example, in insulin (22, 23) , BAs (12, 24) , pancreatic polypeptide (PP), ghrelin, and GLP-1 (25) (26) (27) . These secretions prepare the organism for incoming nutrients and play roles in absorption, satiety, and nutrient disposal. During fat intake, this early phase precedes significant absorption and is observed 10 to 30 minutes after the start of the meal (28, 29) . It is induced by the sensing of FAs released by lipases in the mouth and duodenum (30) and serves to reduce the metabolic stress of nutrient fluctuations (31, 32) . For example, the early phase of insulin release (5 to 10 minutes after onset of intake) is important for optimal glucose clearance by its ability to synchronize islets (23) by increasing blood flow to organs (33, 34) and enhancing insulin access to tissues (35) . This early phase is impaired in prediabetics and patients with diabetes (26, 36) and its restoration improves glucose tolerance in people (37) and in mice with high-fat diet-induced insulin resistance (38) .
BAs, in addition to their fat-solubilizing role during digestion, exert metabolic regulation by activating their G-protein-coupled receptor TGR5, which is highly expressed in the small intestine and liver (39) . BAs stimulate intestinal release of factors such as fibroblast growth factor (FGF)19, which modulates glucose and lipid metabolism and inhibits BA synthesis (40) .
In this study we examined the impact of partial CD36 deficiency on fat meal-induced release of various hormones and peptides, on the type and quantity of lipoproteins produced, and on changes in BA pool and species. The data indicate that reduced CD36 expression level is sufficient to markedly disrupt these responses and support a role of CD36 in determining a large part of the response to a meal.
Materials and Methods

Study participants and approvals
African American participants were recruited and genotyped for the rs3211938 (G/T) coding single nucleotide polymorphism (SNP). None of the patients was related. This SNP, which reflects positive selection pressure, is almost exclusive to populations of African ancestry (minor allele frequency ;20%). The SNP inserts a stop codon and results in a truncated protein that is degraded. Partial (;50%) CD36 protein deficiency is observed in subjects carrying the G allele (G/T) of rs3211938 (41, 42) , and complete CD36 deficiency is observed in subjects homozygous for the G allele (G/G) (18) . Recruited study participants at Vanderbilt University had African ancestry based on four grandparents. Subjects were excluded when they had a history of cholecystectomy, bariatric surgery, severe chronic illness, type 2 diabetes mellitus, and cardiovascular disease other than hypertension. The primary outcome of the parent study (NCT02126735) was previously reported (41) . We used existing samples from the parent study to address additional endpoints that may inform on the previous findings. Participants reported to the Vanderbilt Clinical Research Center for prescreening and blood collection. DNA was extracted, genotyped for rs3211938, and G-allele carriers and noncarriers were invited for a screening visit that included a medical history, physical examination, and laboratory analyses (blood cell count, metabolic panel, pregnancy test). Antihypertensive, lipidlowering medications, vitamins, and antioxidants were discontinued 2 weeks prior to the study.
Genomic DNA was extracted from peripheral blood with a saltingout precipitation (Gentra Puregene), and CD36 SNP rs3211938 was detected using a predesigned TaqMan SNP genotyping assay (Applied Biosystems) on a 7900HT instrument. Presence of the G allele reduces CD36 expression by 50% as previously determined by western blot analysis of monocyte and platelet CD36 protein using anti-CD36 antibody (FA6-152, Abcam) with human b-actin antibody (SC47778, Santa Cruz Biotechnology) bound by goat anti-mouse IgG (Li-COR Biosciences) as loading control (18, 41, 42) .
All studies adhered to principles of the Declaration of Helsinki and Title 45 of the US Code of Federal Regulations (Part 46, Protection of Human Subjects). Studies were approved by the Vanderbilt Institutional Review Board and conducted in accordance with institutional guidelines. All subjects provided informed consent.
High-fat meal test
All assessments were performed in the early morning in a quiet, temperature-controlled room (22 to 23°C). Subjects were asked not to exercise or drink alcohol at least 24 hours before the study. A staff person called to remind the patient to fast starting at 8:00 PM the day before.
Baseline blood samples were collected for assessments of lipids, BAs, and hormones. Subjects were then instructed to consume a high-fat meal (HFM) in 10 minutes. The HFM consisted of a shake (43) 
Clinical chemistry
Blood collected in chilled EDTA tubes was immediately centrifuged to separate plasma, which was stored at 280°C. For serum, blood was allowed to clot at room temperature for 20 minutes, centrifuged, and the serum was removed and stored at 280°C. Plasma glucose was measured bedside (YSI Life Sciences, Yellow Springs, OH). Serum FFAs were measured using NEFA-HR(2) (Wako/Sopachem BV, Ochten, Netherlands), phospholipids and cholesterol using the appropriate kits (Wako), and TGs (Roche Diagnostics, Indianapolis, IN) by enzymatic colorimetry Cliniqa (R84098 TGs GPO, San Marcos, CA) adapted for microtiter plates.
Lipoprotein characterization
Lipoprotein subclass concentration and particle size in serum were assessed via proton nuclear magnetic resonance spectroscopy (Liposcience, Raleigh, NC) as previously described (44) .
BA analysis
BAs were measured by liquid chromatography-mass spectrometry as previously described (45, 46) and as detailed in the Supplemental Information. For one individual, enough plasma was not available for BA analysis.
Hormone measurements
For GLP-1 measurement, plasma was supplemented with aprotinin (1000 KIU/mL) and dipeptidyl peptidase-4 inhibitor (DPP4-010; 20 mL/mL plasma; EMD Millipore, St. Charles, MO), and for ghrelin it was acidified with 1 N hydrochloric acid (50 mL/mL) and treated with phenylmethylsulfonyl fluoride (0.1 mg/mL). Plasma insulin, C-peptide, glucagon, gastric inhibitory peptide (GIP), active GLP-1 (7-37 and 7-36 amide), peptide YY, PP, and leptin were measured by multiplex immunoassay (Luminex xMAP, Millipore). Total ghrelin was determined by radioimmunoassay (Millipore). FGF19 and FGF21 were measured by enzyme-linked immunosorbent assay (R&D Systems, Minneapolis, MN).
Statistical analysis
Data are presented as means 6 standard error of the mean (SEM). Data were log transformed prior to statistical testing when not normally distributed by the Shapiro-Wilks test. Summary data were analyzed by an unpaired, nonparametric, two-tailed Student t test. P values of ,0.05 were considered significant. Time course data were analyzed by two-way repeated measure analysis of variance with interaction when normally distributed. Area under the curve (AUC) for TGs, FFAs, BAs, and lipoproteins were calculated using the trapezoid method. All analyses used Prism 6.05 (GraphPad Software, La Jolla, CA).
Results
Study subjects
Twenty-five African American women were enrolled and 20 completed the study. Five were excluded for not meeting inclusion criteria. The participants were divided in two groups based on the CD36 rs3211938 genotype. Individuals homozygous for the major allele (T/T) have normal CD36 expression whereas those carrying the minor allele G (G/T) have ;50% reduced CD36 expression in monocytes and platelets (18, 41, 42) . No subjects were homozygous (G/G) in the cohort studied. There were no differences in age, weight, body mass index (BMI), and body composition measures (fat mass, fat-free mass) between groups (T/T vs G/T). Both groups were obese with BMI . 30 kg/m 2 and were similarly insulin resistant: homeostatic model assessment of insulin resistance, 2.55 6 0.49 and 2.72 6 0.52, P = 0.81 (T/T vs G/T). G-allele vs T-allele carriers had significantly reduced fasting serum cholesterol (P = 0.009) whereas TG and phospholipid levels trended lower (P = 0.11 and 0.16, respectively) ( Table 1) .
Fasting and postprandial lipids in rs3211938 carriers (G/T) and controls (T/T)
Fasting serum lipoprotein distribution was similar for the two groups (Supplemental Table 1 ). G-allele carriers as compared with noncarriers displayed a trend toward lower serum levels (nmol/L) of total VLDL (26.4 6 3.3 vs 34.6 6 2.9, P = 0.08) and medium VLDL (2.3 6 1.2 vs 7.8, P = 0.13) in G/T and T/T groups, respectively. Total lowdensity lipoprotein and high-density lipoprotein and relative content of respective subfractions were similar.
The postprandial lipid response was assessed starting at 10 min and up to eight hours after the HFM. G-allele carriers and noncarriers had similar plasma glucose at fasting and levels did not change after the HFM (data not shown), which was low in carbohydrates. Serum TGs started rising at 60 minutes and peaked (2.5-fold) in both groups at 240 minutes after the HFM with similar excursion curves (P = 0.80; Fig. 1A ). Free FA levels trended higher in G-allele carriers vs noncarriers at fasting and throughout the postmeal interval (Fig. 1B) , with levels decreasing the first 120 minutes and returning to baseline by 480 minutes. TGrich particles (VLDL plus chylomicron) (Fig. 1C ) and medium VLDL (Fig. 1D) which trended lower at baseline in the G/T group as compared with the T/T group continued to trend lower throughout the postprandial study without reaching significance (details in Supplemental Table 2 ). Serum phospholipid and cholesterol levels were measured at baseline and 240 minutes after the HFM (Fig. 1E) . Phospholipid levels were similar at baseline but were lower at 240 min in G-allele carriers G/T as compared with noncarriers. Cholesterol levels were significantly lower in G/T vs T/T subjects at fasting and at 240 minutes after the meal (Fig. 1F ).
Fasting and early preabsorptive hormone levels
We investigated impact of CD36 insufficiency (rs3211938) on early fat-sensitive hormone release before significant absorption occurred and later as absorption proceeded after the HFM. After an overnight fast, plasma insulin and C-peptide levels did not differ between genotypes (Supplemental Table 3 ). PP was reduced ;70% in G-allele carriers at baseline, but the difference fell short of significance (P = 0.07) due to levels in one G-allele subject. GLP-1 level was significantly (.70%) lower in G-allele carriers as compared with noncarriers. Fasting levels of acyl-ghrelin and glucagon trended lower at baseline in G-allele carriers whereas levels of GIP, leptin, and peptide YY were unaltered.
After the HFM, insulin and C-peptide levels peaked at 60 minutes ( Fig. 2A and 2B) , concurrent with suppression of serum-free FA concentrations (seen in Fig. 1B) , and were generally lower in G/T as compared with T/T subjects. The marked reductions in baseline levels of PP (Fig. 2C) , GLP-1 (Fig. 2D) , GIP (Fig. 2E) , and ghrelin ( Fig. 2F ) observed in G/T as compared with T/T subjects were maintained for the study duration. However, differences in AUCs for the complete postprandial excursions (AUC 0-360 ) of assayed hormones did not reach significance ( Table 2) .
The early preabsorptive secretions were blunted in G-allele carriers. Significantly less secretion of C-peptide, insulin, GLP-1, and GIP was observed by 10 minutes (Fig. 2G, 2H , 2J and 2K, respectively). PP trended lower at 10 minutes and its levels were significantly lower between 10 and 30 minutes (P # 0.05). Ghrelin also trended lower in G-allele carriers (Fig. 2L) . There was similar suppression of plasma acyl-ghrelin in both groups starting at 30 minutes after the HFM and a return to levels slightly lower than baseline by 360 minutes (Fig. 2F) . Leptin, peptide YY, and glucagon responded similarly in both groups (data not shown). Differences in AUC for early postprandial excursions (AUC 0-30 ) of C-peptide, insulin, and GIP were significantly reduced in G-allele carriers ( Table 2 ). The lower early (0 to 30 minutes) secretions of C-peptide, insulin, PP, GLP-1, and GIP are preabsorptive, as no rise in blood TG was detected before 60 minutes.
Fasting and postprandial BA levels
The BA pool is recycled several times during a meal. BAs transported by the ileum feedback to inhibit liver cholesterol 7a-hydroxylase 1 (CYP7A1), the rate-limiting enzyme of BA synthesis. Also, BA-induced secretion by ileal enteroendocrine cells of FGF19 inhibits CYP7A1 expression (40) and hepatic BA synthesis (Supplemental Fig. 1A) .
Changes in plasma BA species, BA classes (primary, secondary, conjugated, unconjugated, 12a-OH, and non-12a-OH), and ratios of various classes were compared at baseline (Supplemental Table 5 ) and from baseline to 360 minutes or 0 to 30 minutes after the HFM (Table 3 ). The BA measurements for G-allele carriers and noncarriers at all time points assayed are listed in Supplemental Table 6 .
G-allele carriers (G/T) had nearly twofold (1.8) increases in fasting total plasma BA (Supplemental Fig. 1B) . These differences were largely due to increases in the secondary BA glycodeoxycholic acid (GDCA), a glycineconjugated derivative of deoxycholic acid (DCA), the 12a-dehydroxylated form of primary cholic acid. Glycine conjugation and to a minor extent taurine conjugation occur in the liver following reabsorption of DCA and ursodeoxycholic acid. Plasma DCA levels were relatively low in both groups. Lithocholic acid, a lipophilic, toxic acid that is not reabsorbed and excreted in the feces, was significantly reduced in fasting G-allele carriers; however, the difference was modest by comparison with that observed with GDCA. Fasting ratios of conjugated/ unconjugated BA (Supplemental Fig. 1C ) and of 12a-hydroxylated/non-12a-hydroxylated BA (Supplemental 1D ) were increased in G-allele carriers whereas the primary/secondary BA ratio was similar (Supplemental Fig. 1E ).
In the noncarriers (T/T) group, total BAs (Fig. 3A) as well as most individual BA species exhibited rapid changes (0 to 30 minutes) followed by monophasic increases, peaking at 120 to 240 minutes after the HFM (Supplemental Fig. 2 ; Supplemental Table 6 ). Postprandial AUC 0-360 values for total BAs as well as individual species and fractions did not significantly differ between groups (Table 3) . However, excursion curves were biphasic in G-allele carriers (G/T) with a rapid initial drop in levels followed by exaggerated increases above levels in T/T noncarriers. The early changes in BA responses to the HFM differed between groups. At 10 minutes after a meal, total BAs ( Fig. 3B ; P # 0.0001) and conjugated BAs ( Fig. 3C ; P # 0.001) were reduced in G/T as compared with T/T subjects, with the difference driven by a dramatic drop in the most abundant conjugated BA, GDCA ( Fig. 3D ; P # 0.0001). In T/T subjects, postprandial GDCA concentrations increased steadily, peaking at 120 minutes, whereas in G/T subjects GDCA remained suppressed until 60 minutes and then increased, reaching levels that exceeded those in noncarriers (Fig. 3E) . A similar, significant decrease was observed at 10 minutes after meal onset in 12a-hydroxylated BAs (Fig. 3F ) and in the 12a-hydroxylated/non-12a-hydroxylated BA acid ratio in G/ T vs T/T subjects (Fig. 3G) . BA measurements at each time point assayed from 0 to 360 minutes after the HFM are shown in Supplemental Table 6 . Significantly reduced BA AUC 0-30 measurements for total BAs, 12a-hydroxylated BAs, conjugated BAs, glycochenodeoxycholic acid, GDCA, taurodeoxycholic acid, as well as the 12a-hydroxylated/ non-12a-hydroxylated BA ratio and the conjugated/ unconjugated BA ratio are listed in Table 3 . Taken together, these data indicate that CD36 insufficiency alters the fasting BA profile, impairs early preabsorptive BA secretion, and alters BA excursions during absorption. The conjugated and 12a-hydroxylated BA species account for a large part of the changes observed in the total BA pool.
We next examined whether the differences in the BA pool observed in subjects with CD36 insufficiency can be related to altered secretions of FGF19. At baseline, FGF19 levels were significantly lower in G/T vs T/T subjects ( Fig. 3H ; P = 0.02), and both groups showed significant and similar increases in FGF19 measured at 120 minutes after the HFM. The liver secretes FGF21, a growth factor that enhances BA synthesis by antagonizing the inhibitory effect of FGF19 on CYP7A1 expression (47) . However, fasting and postprandial levels of FGF21 did not differ in G/T vs T/T subjects (Fig. 3I) .
Discussion
This study documents an important role of CD36 in mediating the signaling pathways that coordinate brain Abbreviations: CDCA, chenodeoxycholic acid; GCA, glycolic acid; GCDCA, glycochenodeoxycholic acid; GUDCA, glycoursodeoxycholic acid; HDCA, hyodeoxycholic acid; TCDCA, taurochenodeoxycholic acid; TDCA, taurodeoxycholic acid; TLCA, taurolithocholic acid; UDCA, ursodeoxycholic acid. a P # 0.01 by unpaired two-tailed Student t test.
b P # 0.05 by unpaired two-tailed Student t test.
and gut control of energy homeostasis. The preabsorptive hormonal and BA responses induced by a fat-rich meal serve to coordinate absorption and subsequent tissue metabolism of the absorbed lipid. These responses are significantly impaired in individuals carrying the G allele of coding SNP rs3211938, which reduces CD36 expression. In fasting, G-allele carriers (G/T) had 60% to 70% reductions in levels of GLP-1, PP, and ghrelin and with a 1.8-fold increase in total BA levels. After the fat meal, early (10 to 30 minutes) preabsorptive release of Cpeptide, insulin, PP, GLP-1, and GIP was blunted in the G/T group as compared with the T/T group of noncarriers. Postprandial BA levels in the G/T group exhibited bimodal changes that diverged from the steady increases observed in controls (T/T). Thus, reduced CD36 level exerts profound influence on the coordinated metabolic response to a meal.
Polymorphisms in the CD36 gene are relatively common (4% to 45%) and frequently impact CD36 expression (5) . Several were identified to associate with altered levels of fasting lipids in African Americans (18) and whites (5) . The coding SNP rs3299138 (G/T) is exclusive to populations of African ancestry and results in 50% lower CD36 levels in ;20% of this population (42) . In HyperGEN samples (n = ;2020) of African Americans, the G allele associated with significantly lower fasting serum TG (18) . Findings from the Genetics of Lipid Lowering Drugs and Diet Network study of postprandial lipids after a fatty meal in whites (n = 1117) identified CD36 promoter SNPs and DNA methylation sites that independently reduced CD36 expression in heart and adipose tissues and impacted postprandial lipids (5). The most significantly associated SNPs were in strong linkage disequilibrium with CD36 SNPs previously linked to metabolic syndrome risk (5) . The present study participants were obese females with moderate insulin resistance. Presence of the G allele resulted in trends for lower fasting and postprandial TG and in significantly lower cholesterol levels. In contrast to promoter SNPs, which can impact CD36 in a tissuespecific fashion, the coding SNP studied here would impact its level in all tissues, including the small intestine and the lymphatic network where CD36 is normally abundant. Thus, the trends to lower lipid levels in G-allele carriers might reflect diminished absorption of dietary fat and reduced fat secretion into the lymph, as previously demonstrated in rodents (11) , and they suggest that targeting intestinal CD36 might be beneficial for reducing serum lipids in obesity.
CD36 insufficiency impaired HFM-induced preabsorptive responses of BAs, insulin, C-peptide, PP, and the incretins GLP-1 and GIP. In particular, the response of GLP-1 was dramatically reduced. To our knowledge, this is the first documentation of the role of CD36 in mediating the acute phase of insulin and incretin response to meal intake in humans. Because acute release of these factors is implicated in the ability to maintain long-term glycemia and insulin sensitivity, the findings suggest that additional studies are warranted to determine whether reduced CD36 expression can impact metabolism of dietary lipids and carbohydrates over the long term. The early release of insulin, C-peptide, BA, and PP at the onset of fat intake is induced by orosensory neural stimulation (30, 31, 48) whereas FA sensing by enteroendocrine cells mediates release of GLP-1 (49) and GIP (50) . The present findings suggest that both orosensory and enteroendocrine FA sensing are impaired in individuals with CD36 insufficiency, and this will require further validation in larger cohorts and with other CD36 SNPs.
G-allele carriers (G/T) had nearly twofold increases in fasting total plasma BAs with differences largely reflecting increases in the secondary conjugated GDCA. Selective hepatic recapture of conjugated BA by active BA transporters influences systemic BA levels. The higher GDCA in G/T subjects might be related to the reduced levels of FGF19/15, which disinhibit hepatic uptake of conjugated BA (51) . The altered enterohepatic BA circulation, in particular the early postmeal BA drop in G/T subjects, might reflect abnormal gallbladder function. Hypercontractility of gallbladder tissue in response to acetylcholine and smaller gallbladder volumes were measured in CD36 2/2 mice, suggesting dysregulated bile emptying (16) . The marked early postmeal drop in BA seen in G/T subjects could have contributed to the blunted GLP-1 response. Glycochenodeoxycholic acid (52) and other BA (53) augment nutrient-stimulated GLP-1 secretion through activating the BA receptor Gpbar1 (TGR5) in enteroendocrine cells (54) .
Our study has limitations that include the small sample size, which reflects the selection criteria applied to avoid confounding factors on lipid metabolism. Analyses were interpreted without adjustment for multiple testing, which may increase the possibility of chance findings. Additional studies that examine insulin-sensitive, lean subjects and include males would be important to dissect out obesity or sex-associated effects.
The study participants, that is, obese, insulin-resistant, African American females, are an ethnic group at high risk of obesity-associated complications (55) and are representative of trends still prevalent in the United States and worldwide (56) . Our data support the role of CD36 in the metabolic response to a meal and possibly for longterm maintenance of insulin sensitivity. However, in obese insulin-resistant subjects, partial CD36 loss might be beneficial, as it lowers fasting and postprandial lipids and increases BA levels, phenotypes associated with significant metabolic improvements (45, 46) .
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